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models. Key capacity parameters are generated stochastically to produce building population and cyclic pushover analysis is 
carried out to capture inelastic behaviour. Secant period values are evaluated corresponding to each displacement step on the 
capacity curves and used as seismic demand. A modifi ed capacity spectrum method is adopted for the degrading structures, 
which is further used to evaluate peak ground acceleration from back analysis considering each point on the capacity curve as 
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to each performance point on the series of capacity curves. A suitable probability distribution function is adopted for the 
secant period scatter at different mean peak ground acceleration values and probability of exceedance of limit states is 
evaluated. A suitable regression function is used for developing fragility curves and regression coeffi cients are proposed for 
different confi dence levels. Fragility curves are presented for a low rise pre-seismic code reinforced concrete structure typical 
of developing countries.
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 1   Introduction
The prediction of seismic damage potential of old 
and substandard reinforced concrete buildings is still a 
challenge for earthquake engineering community due to 
lack of damage data. However, with the improvements 
in different analytical tools and development of effi cient 
analysis techniques, analytical procedures have been 
extensively used to derive fragility curves in the recent 
years. Both simple and detailed analytical methods exist 
in the literature for the derivation of fragility curves. 
The main difference between these methods lies in 
the sophistication used for the modelling of building. 
Simple methods do not require the analysis of structure, 
but rely on simple equations to derive its capacity. These 
methods were derived with the objective of analysing 
a large number of buildings in a rather short period of 
time. Therefore, structural modelling is based on a few 
input parameters such as the period of construction, 
number of storeys and construction material. 
Calvi (1999) proposed a simple analytical method 
based on the ratio between the displacement capacity 
of a building corresponding to several limit states and 
the displacement demand from an earthquake event as 
obtained from the corresponding displacement spectrum. 
A Displacement Based Earthquake Loss Assessment 
(DBELA) framework was developed by Pinho et al. 
(2002) and Crowley et al. (2004)for the analytical 
vulnerability assessment of Reinforced Concrete (RC) 
structures using the methodology of Calvi (1999). In 
contrast, the detailed analytical methods defi ne capacity 
through analysis of the structural model, the sophistication 
of which varies based on the required accuracy. Detailed 
analytical procedures are more thorough and demanding, 
and are intended to be used when more detailed 
information is required, i.e. buildings with particular 
importance, structures for which no empirical data are 
available (innovative structural designs, sub-standard 
and low strength RC structures). Different researchers 
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Mosalam et al. (1997), Lang (2002), Gardoni et al. 
(2003), Franchin et al. (2003), Rossetto and Elnashai 
(2005), Erberik and Elnashai (2005), Erberik (2008), 
Celik and Ellingwood (2008) have developed fragility 
curves for the gravity loaded design (GLD) structures 
of developed countries by using detailed analytical 
approach. The type of method chosen in these studies 
for fragility analysis depends not only on the objective 
of the assessment, but also on the availability of data and 
technology. The accuracy of analytical fragility curves 
are found to be typically governed by the ground motion 
parameter, modelling assumptions, material models, 
response parameter, analysis techniques. However, the 
fragility curves developed in the existing studies do not 
give the detailed consideration of strength and stiffness 
degradation due to brittle failure modes (bond, shear 
etc.) and cannot be effectively used for the low strength 
non-engineered / pre-seismic code RC building stock of 
developing countries.
Analytical procedures based on nonlinear static 
analysis have now gained popularity due to effi ciency 
and reliable results. Nonlinear static analysis was 
initially proposed in a number of design and assessment 
codes such as ATC-40 (1996) and FEMA356 (2000). 
In both cases, the capacity of the structure is expressed 
through the push-over capacity curve. In the former, the 
performance displacement is computed through highly 
damped spectra, whereas in the latter the displacement 
coeffi cient method is used as a simple alternative. 
An attempt to improve these methods was made in 
FEMA440 (2005). In particular for the ATC-40 (1996) 
method, a considerable improvement was achieved and 
eventually the method was substituted by the modifi ed 
acceleration-displacement response spectrum (MADRS) 
procedure. Rossetto and Elnashai (2005) used a modifi ed 
capacity spectrum method (CSM) for evaluating seismic 
demand in terms of ISDmax. Adaptive pushover analysis 
and performance specifi c spectra were used to defi ne 
capacity and demand, respectively. 
Among many vulnerability studies very few tried 
to incorporate the effect of degrading brittle behaviour. 
When dealing with sub-standard RC buildings, modelling 
of the structure should be able to accommodate a number 
of failure modes such as fl exure, shear, local buckling 
and debonding of reinforcement. It should be noted 
that most analytical vulnerability studies concentrate 
primarily on the fl exural and, to a smaller extent, shear 
or bond failures at the member level (Dymiotis et al., 
1999; Rossetto and Elnashai, 2005; Ahmed, 2006). 
Erberik (2008) evaluated the fragility of low and mid-
rise RC structures (bare and in-fi lled) in Turkey. To 
incorporate the degrading behaviour, an energy based 
hysteretic model that accounts for a two parameter low 
cycle fatigue model was used. One parameter controls 
the level of degradation and the other controls the rate 
of degradation. Three types of building degradation 
levels were considered ranging from theoretically 
no degradation to very high degradation of brittle 
structures. In another research, Celik and Ellingwood 
(2008) studied the importance of modelling the shear 
and bond-slip behaviour of the beam-column joints for 
the fragility analysis of GLD RC frame structures of the 
mid-American region. In this study, the full scale beam-
column joints cyclic test data from existing research 
were used to select appropriate joint model to attain the 
realistic joint shear stress-strain relationship. Dipasquale 
and Cakmak (1988), Calvi et al. (2006) and Zembaty et 
al. (2006) have found period elongation of RC structure 
to be good representative of global structural damage 
accumulation and is recommended as a good damage 
index. Kyriakides et al. (2014) developed a framework 
for the analytical seismic vulnerability assessment of 
substandard RC structure using improved modelling 
assumptions, utilizing probabilistic techniques and 
improving the performance evaluation method for RC 
structures. A simple methodology to model the complex 
degradation behaviour of brittle structures was proposed 
and used in the framework. Moreover, a damage index 
based on secant period is used to quantify damage at 
different PGA levels. The vulnerability curves gives 
damage in terms of percentage at different PGA levels.
Different approaches to develop fragility functions 
using seismic demand data have been reported in 
literature. Singhal and Kiremidjian (1997) used “stripe” 
analysis, whereas a “cloud” analysis was carried out 
by Cornell et al. (2002) using all the seismic demand 
data. Celik and Ellingwood (2010) and Erberik (2008) 
have used the stripe analysis for generating the damage 
distributions. A demand model was defi ned in the 
existing studies having median seismic demand which 
was presented as a log-linear function of a ground motion 
parameter. It was assumed that about the median, the 
structural demand is log-normally distributed having a 
constant logarithmic standard deviation. Ramamoorthy 
et al. (2006) established a bilinear relationship (instead 
of linear as used by Cornell et al., 2002) for median 
seismic demand. A Bayesian relationship was used to 
evaluate the regression parameters of the demand model.
This paper presents an extended framework for 
carrying out probabilistic analytical fragility assessment 
of existing low-rise and low strength RC structures more 
common in the building stock of developing countries. 
The methodology was based on considering the 
improved modelling assumptions, use of new capacity 
models for low strength concrete (LSC), bond and 
incorporating improved performance evaluation method 
for brittle structures. The capacity related uncertainties 
are addressed probabilistically. The degradation effects 
due to bond and shear are addressed by conducting 
cyclic pushover analysis. Secant period is used as a 
seismic demand parameter and the performance planes 
corresponding to limit states from literature are identifi ed 
to evaluate probability of exceedance. Fragility curves 
for low rise structure with different design categories are 
derived as a function of mean peak ground acceleration 
using a suitable distribution and a regression function. 
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2     Description of the fl owchart for the proposed 
     seismic fragility assessment framework
The fl owchart diagram for the proposed probabilistic 
analytical seismic fragility assessment framework is 
presented in Fig. 1. Steps 13 to 17 are the additions 
in existing framework by Kyriakides et al. (2014) to 
derive suitable regression function and the regression 
coeffi cients for developing fragility curves of low-
rise and low strength sub-standard RC structures of 
developing countries.
● In Step 1, the building category to be examined is 
defi ned.
● In Step 2, the key capacity parameters and their 
variabilities are selected, and explained in Section 3.3.
● To limit the number of simulations, the latin 
hypercube sampling (LHS) technique is used in Step 3 
to generate the variables Pij (see Step 4) for the analysis. 
● Based on the properties of the Pij variables, the 
capacities and other required inputs are evaluated to 
calibrate the material and hysteretic models in Step 4.
● The structural model for a particular building 
category with the required inelastic elements is 
developed in Step 5.
● The building population with different 
characteristics is generated for a single analysis in 
Step 6. The inelastic elements of the structural models 
are calibrated using outcomes of Step 4. 
● In Step 7, cyclic analysis is undertaken for 
building population to produce the capacity envelopes 
with displacement (u) vs base shear (bs) as output. 
● Process 8 transforms the capacity curves into 
spectral acceleration (SA) and spectral displacement 
(SD). 
● Step 9 evaluates the secant period (Tsec) 
corresponding to each point, using Eq. (6) as shown in 
Fig. 3.
● Step 10 selects the type of energy balance of each 
defi ned equivalent system as discussed in Section 3.1. 
This leads to the evaluation of ductility (μ) and initial 
period (Tini) of each system.
● Step 11 evaluates the Teff and βeff according to 
FEMA440 (2005) provisions. 
● Step 12 evaluates the reduction factors   and M 
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of the building stock (either designed to
a code or non-engineered) 1
Selecct the key capacity parameters (Pi) 
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(i = 1,..n) 2
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building using inelastic elements, and 
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simulate fl ex. and brittle behaviour 5
4
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Fig. 1   Proposed framework for the probabilistic analytical seismic fragility assessment of low strength RC structures
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according to FEMA440 (2005).
● Step 13 uses the EC8 spectrum relationship for 
Peak Ground Acceleration (PGAjk) calculation using the 
process defi ned in Section 3.2. 
● The mean PGAk is evaluated from PGAjk 
corresponding to each performance point of the series of 
capacity curves in Step 14. 
● In Step 15, the suitable probability distribution 
function (PDF) is chosen for the Tsecjk data at each mean 
PGAk value and the cumulative distribution function 
(CDF) is evaluated. probability of exceedance (POE) is 
evaluated and the scatter for each limit state is extracted.
●  A suitable regression function is adopted in step 
16 for developing fragility curves.
●  Step 17 involves plotting of the fragility curves 
for different limit states.
3  Description of the framework's critical 
       procedures
3.1 Modelling complex degradation behaviour 
         of non-ductile equivalent systems 
To adress the issue of modelling complex degradation 
behaviour, the method proposed by Kyriakides et 
al. (2014) is used. In this method, the use of a single 
strength and stiffness E-P approximation in FEMA 440 
(2005) is considered insuffi cient to capture the more 
complex degrading behaviour encountered in sub-
standard constructions. Therefore, in order to maintain 
the special characteristics of the capacity curve it is 
proposed that the shape of  curve is approximated by 
a number of different elastic-perfectly plastic systems 
with zero post-yield stiffness as shown in Fig. 2(a). Each 
SAi-SDi coordinate on capacity curve is treated as the 
strength and ultimate displacement of an equivalent 
elastic-perfectly plastic system (EEPP) defi ned using the 
equal energy rule. However, after degradation, energy 
dissipated above the current force level is considered 
unrecoverable and is excluded from the energy balance 
calculation (Fig. 2(b)). Therefore, the proposition 
for idealisation of the capacity curve is based on its 
discretization into a number of performance points 
(PP’s) each corresponding to a single EEPP system. 
Figure 3(a) shows the cumulative area under the 
capacity curve at SD(j) corresponding to the maximum 
capacity point. EEPP corresponding to this point is 
shown in Fig. 3(b). The equal area rule is applied to 
evaluate the yield displacement U(j) using Eq. (1).
area2( ( ) (SD( )SA( )))( )
SA( )
C j j jU j
j
 
          
(1)
The performance of the proposed idealisation 
procedure was assessed numerically in predicting 
the seismic demand of a range of brittle low strength 
structures. The EEPP method when used along with 
FEMA 440, MADRS gave less error in seismic demand 
predictions as compare to the FEMA440, MADRS 
method when used with the bilinearization technique 
having post elastic stiffness. Full details of this study is 
given in Kyriakides (2008) and Ahmad (2011).
3.2   Calculation of peak ground acceleration (PGA)
The modifi ed capacity-spectrum method can be 
implemented in a reverse manner (back analysis) to 
estimate the PGA corresponding to each point (SAi, 
SDi) on the capacity curve which is treated as a PP. For 
that purpose, the capacity-spectrum method (MADRS) 
proposed in FEMA440 (2005) is used along with EEPP 
method. The multiple performance points (SAi, SDi) 
assumption and equivalent systems on the capacity 
Fig. 2  Modelling of complex degradation behavior using EEPP method (a) Series of EEPP systems corresponding to each 
       performance point on capacity curve with strength and stiffness degradation (b) Unrecoverable energy at higher 
              displacement after degradation, (Kyriakides et al., 2014)
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curve (described in Section 3.1) are fi rst used to evaluate 
Teff and βeff corresponding to the ductility (from Eq. (1)) at 
each PP. Subsequently, βeff is substituted in the (EC8) 
elastic spectrum equation to calculate the reduced 
acceleration-displacement response spectrum (ADRS) 
with increased damping (βeff). To fi nalise the reduction 
of the spectrum, each ordinate of SAi on the ADRS is 
multiplied by a factor M to generate the modifi ed ADRS 
(MADRS) spectrum (Fig. 4). Factor M corresponds to 
the difference in ductility between the nonlinear (Tsec) 
and “equivalent” linear (Teff) SDOF systems. 
MADRS spectrum relation evolved from EC8 
response spectrum relation is used to estimate the 
PGA at each PP (Fig. 5) from the back analysis by 
using Eq. (2). Mean PGA values are further calculated 
from the PGA values associated with the same PP’s on 
different capacity curves of building population (Fig. 5) 
using Eq. (3), which is later used in developing fragility 
curves. 
ini
c
SA( ) ( )PGA( )
SM( ) ( )
jk T jkjk
jk jk T                (2)
1
PGA( )
meanPGA( )
m
j
jk
k
m


                    (3)
where
j = building population
k = a performance point on capacity curve
m = total number of buildings
SA = spectral acceleration
Tini = initial period of the equivalent system
Tc = site characteristic period
Α = spectral amplifi cation coeffi cient
S = soil factor
η = reduction factor 
M = modifi cation factor 
The advantage of using back analysis for PGA 
calculation is the consideration of demand uncertainty 
in an indirect manner. This is quicker than using time 
history analysis, where a lot of artifi cial or natural 
ground motion record sets corresponding to different 
Fig. 3    Evaluation of yield displacement for EEPP (a) Cumulative area at a particular spectral displacement (b) Implementation of 
             equal energy rule for yield displacement evaluation using the proposed methodology
SA SA
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(a)                                                                                                                                      (b)
Fig. 5   Schematic representation of the PGA and mean PGA 
              calculation from PP’s on building population capacity 
              spectra
Fig. 4  Reverse MADRS method with representative EEPP 
              systems for PGA calculation
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PGA levels are required. Moreover, the PGA evaluated 
by this method is also performance consistent for a 
particular category of structures. 
3.3   Variability of capacity parameters for analytical 
        fragility curves
In order to study the probabilistic aspect of the 
analytical fragility curves, the variability of the various 
key capacity parameters involved in the calibration 
of material models needs to be accounted for. This is 
essential in order to account for variations and uncertainty 
in design and detailing of buildings of the same type 
and construction period. The main source of variability 
comes from parameters involved in the calibration of 
the capacity models of the main RC structural members 
(beams and columns). The capacity models infl uencing 
the structural response of the members are the fl exural, 
shear and bond models. The parameters involved in their 
calibration can be divided into three broad categories, 
which include strength-related, geometrical and design 
parameters as shown in Table 1. The variability of 
strength-related parameters can be addressed using either 
expert judgement, code provisions or by using available 
statistics so as to set the basis for the generation of the 
probability density function (PDF). These strength-
related parameters are regarded as the key probabilistic 
parameters and PDF parameters used for the generation 
of probabilistic fragility curves are given in Table 2. 
The simulation values are obtained using the 
corresponding PDF using the Latin Hypercube 
Sampling algorithm. This technique, proposed by McKay 
et al. (1979) enables the reduction in the number of 
simulations compared to the Monte Carlo technique by 
adopting a stratifi ed approach in selecting the simulation 
values from the PDF. Initially it is assumed that each 
key parameter is uniformly distributed in the space 
between 0 and 1. The uniform distribution is divided 
into a number of non-overlapping sub-intervals equal to 
the number of simulations. A uniform value Ui is then 
selected at random from each sub-interval (Eq. (4)) and 
the inversion method is applied to transform them into 
values that correspond to the cumulative distribution 
function (CDF) of each key parameter.  
  1i i
i
u
U
N
  
                            
(4)
where:
N is the number of simulations; πi is random 
permutations of the integers i = 1,….,N; ui is the uniform 
random numbers on [0,1] generated independently from πi.
Rossetto and Elnashai (2005) and Kyriakides et al. 
(2012) used 25 simulations in their studies. However, due 
to the inclusion of additional parameters (Ld(db),c(db)) in 
the current study, 50 simulations were found to lead to 
convergence and are used for each building to account 
for uncertainty in the response of low strength RC 
structures. 
3.4   Secant period calculation
Time period elongation is considered to be the global 
parameter of damage by many researchers (Calvi et al., 
2006; Zembaty et al., 2006). In the current study, secant 
period (Tsec) is evaluated corresponding to each PP on 
the capacity envelopes of degrading cyclic response of 
structures by using Eq. (5). This represents damage level 
or seismic demand corresponding to a mean PGA (Eq. (3)). 
sec
SD2
SA
i
i
T  
                           
(5)
Table 1  Calibration parameters for capacity models
Capacity 
model
Key 
parameters
Deterministic 
parameters
Design 
parameters
Flexure:  fy, f′c b, d, k = fult/fy , εsu ρ
Shear: f′c, s b, d, fyw Asw, s
Bond: fct, s, l, c s, l, db
where:
f′c = concrete compressive strength
fy  = steel yield strength 
s  =  shear link spacing
fct  =  concrete tensile strength
l  =  anchorage length 
c  =  concrete cover 
db  =   longitudinal bar diameter
dbw  =  shear link bar diameter
fyw  =  shear link yield strength
b, d  =  section dimensions
ρ  =  longitudinal reinforcement ratio
εsu =  strain in steel at ultimate steel stress
Table 2   Probabilistic data of key parameters used for fragility analysis
Parameter Probability density function Mean (μ)
Standard 
deviation (σ) Minimum value Maximum value
Pre-seismic f′c (MPa)
fy (MPa)
Ld (db)
c (db)
s (mm)
Log-normal 8 11 μ – 0.3σ μ + 1.5σ
Normal 325 30 μ – 2σ μ + 2σ
Normal 10 2 μ – 2σ μ + 2σ
Log-normal 1 1 μ – 0.5σ μ + 0.5σ
Normal 280 20 μ – 3σ μ + 3σ
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where
SDi = spectral displacement at point ‘i’ on capacity 
curve
SAi = spectral acceleration at point ‘i’ on capacity 
curve
All secant period values related to the capacity curve 
are shown by the radial lines in Fig. 6 and represents 
performance planes. For a fragility curve development, 
multiple intermediate performance planes corresponding 
to different limit states can be defi ned. The drift threshold 
values associated with different limit states can be found 
in various codes, which can be used to evaluate their 
corresponding secant period. For the current study, three 
secant period planes (Fig. 6) corresponding to FEMA 
356 (2000) limit states (Immediate Occupancy (IO), 
Life Safety (LS), Collapse Prevention (CP)) are used 
to evaluate their probability of exceedance (POE) at a 
particular PGA level. 
4    Application of the framework
The remaining of the paper focuses on the application 
of the seismic fragility framework on a low strength case 
building. To demonstrate the framework, DRAIN 3DX 
(Prakash et al., 1994) was selected as the analytical tool 
due to the availability of suitable inelastic elements in 
its library to realistically simulate the degradations 
(particularly due to bond deterorition and shear strength 
degradation) in the response of brittle structures. The 
selected RC building type, material/capacity models are 
discussed in Section 4.1 and 4.2, respectively.
4.1 Building selection for fragility assessment
A very large array of low and mid rise building 
categories over different construction and design periods 
(CDP) can be examined. To illustrate the proposed 
framework, seismic fragility curves are generated for 
low rise (LR) RC buildings of a single CDP (pre-seismic 
design codes). Pre-seismic category structures refers to 
GLD moment resisting frames (MRF) with no seismic 
design consideration. Moreover, defi ciencies commonly 
found in the low strength RC structures of developing 
countries because of the use of poor quality materials 
insuffi cient anchorage and detailing are also accounted 
for. 
A 2 storey 2 bay structure typically used for 
commercial or residential purposes is chosen, as shown 
in Fig. 7. There can be a number of different design 
sub-categories and confi gurations, but three typical 
design sub-categories and a bare frame with regular 
confi guration are chosen as an example. These design 
sub-categories were chosen to refl ect the variation in 
section geometry of beams and columns, which may 
lead to the weak column-strong beams effect. The beam 
and column section details corresponding to each design 
sub-category is given in Table 3.
A random building population was generated using 
the PDF parameters for the key (strength-related) 
capacity parameters through LHS. Due to the random 
assignment of the capacity parameters, each sub design 
category can have brittle (e.g. bond or shear failure) 
or fl exural failure mode and thus the derived fragility 
curves cover the broad spectrum of poorly constructed 
buildings in many developing countries.
4.2  Material and capacity model for analysis
Modelling of frame members in DRAIN 3DX was 
done using fi ber element (element 15). The calibration of 
the material model for concrete was conducted using the 
low strength concrete (LSC) stress-strain (σ-ε) material 
model by Ahmad et al. (2014) by defi ning fi ve σ-ε points. 
This LSC σ-ε model is given in Eq. (6). This is modifi ed 
Mander model, which as compare to the original Mander 
model (Mander et al., 1988) has extra ‘α’ variable for 
low strength concrete given in Eq. (7). The ‘α’ variable 
is obtained after calibrating the Mander model using the 
LSC σ-ε experimental data. 
Fig. 6  Secant periods radial planes corresponding to each 
              performance point and three limit states
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Fig. 7   LR building for seismic fragility assessment (2 storey 2 
            bay regular bare frame)
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'
1 r
f xrf
r x 
                                  (6)
       
0.45'
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εc =  strain at any stress point in a stress-strain curve
f′c= unconfi ned concrete compressive strength (MPa)
Ec= elastic modulus of concrete (MPa)
Esec = secant modulus of concrete corresponding to f′c
εc = peak strain of unconfi ned concrete
The representative LSC σ-ε curve (f′c = 7 MPa) and 
steel bilinear σ-ε curve (fy = 290 MPa) example used 
for calibrating the material models in DRAIN 3DX are 
given in Figs. 8(a) and (b), respectively.
To incorporate the effect of bond-slip (τ-s) behaviour 
in the analysis, connection hinges (Element 15) were 
also used at the joints. The hinges comprising of fi bres 
were used to model both the pullout and gap effects. 
These hinges were located at the element ends, where 
the steel is replaced by pullout fi bres and the concrete 
by gap fi bres. To model the characteristics of a pullout 
hinge, a monotonic tri-linear envelope is needed and a 
stress-displacement envelope should be defi ned both in 
tension and compression. The LSC bond strength model 
by Ahmad (2011) and a suitable assumption for the 
strain distribution were used to model the τ-s behaviour. 
To evaluate the initial bond stiffness, a uniform strain 
distribution (Fig. 9(a)) was assumed over the embedment 
length and Eq. (8) was used to defi ne the elastic slip. For 
post yield, a linear strain distribution is assumed after 
yielding as shown in Fig. 9(b) and Eq. (9) was used to 
evaluate the plastic slip. 
when   fs ≤  fy
2
s b
s e
Slip =
8
f d
E                                  
(8)
when fs > fy
2 2
y b s y y b s y b
s e y s y h
( ) ( )
8 4
Slip
8
=
f d f f f d f f d
E E E  
  
       
(9)
Table 3   Beam and column section details of different sub-design categories of pre-seismic design period
Sr. No. Pre-seismic
Column Beam
1 Sub-design 1
 
2 Sub-design 2
3 Sub-design 3
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where
τe = elastic bond strength
τy = yielded bond strength 
db = steel bar diameter 
fs = bar stress 
fy = yield strength of bar
Eh = steel hardening modulus 
Es = steel modulus of elasticity
The choice of appropriate shear capacity model is 
very important for the assessment of defi cient structures. 
The Sezen and Moehle (2004) relation (Eq. (10)) was 
used to evaluate the shear capacity. The ductility factor 
‘k’ is applied to both the steel and concrete contribution 
since the contribution of concrete and steel to shear 
degradation is assumed to be equally signifi cant. The 
value of ‘k’ between 1 and 0.7 is related linearly to 
ductility levels of 2 to 6. Element 8 of DRAIN 3DX was 
used to model the shear behaviour of the joint.
v
n s c y
c
g
c g
0.5
1 0.8
/ 0.5
AV V V k f d
s
f Pk A
a d f A
      
    
            (10)
where
P = axial force
k = ductility related strength degradation value
a/d = aspect ratio
Ag = cross-sectional gross area
Av = shear link area
fy = yield strength of steel
fc = concrete compressive strength
The representative Drain 3DX model with various 
in-elastic elements for simulating sub-design 1 category 
building fl exural / brittle response is shown in Fig. 10.
The cyclic pushover capacity envelopes 
representative of the three sub-design categories (Table 
3) are shown in Figs. 11(a)-(c). These envelopes show 
strength and stiffness degradations of the case structure 
due to inclusion of connection and shear hinges and use 
of adequate capacity models for calibration.  
 
5   Fragility curves
As mentioned previously (Section 3), capacity 
curves and the different secant period damage planes 
corresponding to defi ned limit states are used to derive 
fragility curves. For the current study, three secant period 
damage planes corresponding to the limit states (IO, LS, 
CP) of FEMA 356 (2000) are used to evaluate the POE 
of a damage state at a particular ground motion level. 
The PGA corresponding to each PP of the stochastically 
generated capacity curves are determined using the same 
back analysis procedure (Section 3.2) and the mean PGA 
values are evaluated. Tsec is used as a seismic demand 
parameter for defi ning statistical distributions over 
the mean PGA values and is assumed to be normally 
distributed. The plots of mean PGA vs Tsec for each 
design sub-category are shown in Figs. 12(a)-(c). The 
three limit states in terms of secant period calculated 
using Eq. (5) are also shown in the Figs. 12(a)-(c).
In the proposed method, there is no need to 
undertake either stripe or cloud analysis as done by 
many researchers in their fragility assessment studies. 
The POE of each damage state at different PGA levels 
Fig. 8   Example of stress-strain (σ-ε) models for calibrating Drain 3DX material models (a) LSC σ-ε model (b) Steel σ-ε model
Fig. 9   Strain distributions for different conditions (a) up to 
              yield (b) post yield case
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are evaluated using the cumulative distribution function. 
This is given by Eq. (11) and Eq. (12).
        (PGA) GM PGAi iF P D d                (11)
where; Fi (PGA) is the POE of damage D from damage 
state di at a given ground motion GM = PGA. Damage 
states i are defi ned from the non-damage state (i = 0) to 
the nth damage state (i = n). dit is the threshold values of 
3300
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4000 4000
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A A
Connection hinge
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Concrete
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457
Section A-A Section B-B
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Fig. 10  Drain 3DX model of Sub-design 1 category frame with different in-elastic elements for cyclic pushover analysis
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Fig. 11   Representative cyclic pushover capacity envelopes with degradation (a) Sub-design 1 (b)Sub-design 2 (c) Sub-design 3
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Fig. 12   Tsec scatter of substandard pre-seismic building population over mean PGA for fragility curve generation (a) Sub-design 1 
               frame (b) Sub-design 2 frame (c) Sub-design 3 frame
damage states. fim (di) is the PDF of Tsec and F(dit) is the 
CDF at every PGA, respectively.
 t
t
t m
(PGA) GM PGA
1 ( ) 1 ( ) ( )
t i
di
i i i i
F P D d
F d f d d d

  
    
       (12)
The function given in Eq. (13) is used to fi t the 
fragility curves on the POE data (corresponding to 
three performance levels) through nonlinear regression 
analysis. 
 ( DI GM) 1 exp GMP d              (13)
where, GM represents a variety of ground motion 
parameters (PGA, Sa5% (Telastic), Sd5%(Telastic), Saμ%(Tinelastic) and 
α and β are function shape parameters derived from 
nonlinear regression on the damage data in each dataset. 
The framework for developing fragility curves is already 
given in Fig. 1 and the outcomes are presented in the 
following.
The Tsec scatter corresponding to mean PGA values 
(Fig. 12) for each sub-design category represents damage 
in sub-standard pre-seismic buildings distributed over 
different PGA levels. This scatter is further analyzed 
according to the procedure defi ned above to develop 
fragility curves for three limit states. The fragility curves 
for each sub design category of substandard / pre-seismic 
CDP are shown in Figs. 13(a) - (c). Mean fragility curves 
termed as general fragility curve for the three sub-design 
categories are also developed for three limit states and 
are shown in Fig. 14. The mean values of the coeffi cients 
after the nonlinear regression are given in Table 4 for 
the general curves. Moreover, confi dence bounds (90% 
confi dence interval) are also predicted for these mean 
fragility curves and are given in Table 4. 
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6    Discussion and conclusions
A probabilistic analytical seismic fragility assessment 
framework is developed for low strength RC structures 
typical of developing countries. This framework 
is particularly applicable to fragility assessment of 
the brittle substandard RC structures failing in bond 
and shear. The complex degradation behaviour of 
substandard RC structures can be modelled through 
use of cyclic pushover curves, new capacity models 
and by using the modifi ed capacity spectrum method 
which eliminates non-recoverable energy in the energy 
balance for maintaining true characteristics of degrading 
structure.
Fig. 13   Fragility curves for substandard pre-seismic low rise RC buildings (a) Sub-design 1 frame (b) Sub-design 2 frame 
                 (c) Sub-design 3 frame
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Fig. 14   General fragility curves for substandard pre-seismic 
               low rise RC buildings
Table 4   Coeffi cients for generation of mean and 90% confi dence fragility curves for low rise RC buildings 
                                               General curve (pre-seismic) coeffi cients for different damage states (IO, LS, CP)
Coeffi cients Mean Lower bound Upper bound 
IO LS CP IO LS CP IO LS CP
α 1.8 0.41 0.021 1.78 0.30 0.0301 1.26 0.52 0.0241
β 0.85 1.92 4.26 0.75 1.51 3.25 0.95 2.32 5.28
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Secant period (Tsec) values corresponding to each 
point on the capacity spectra are used as seismic demand 
parameter, since change in time period is a recognized 
global indicator of damage. Each capacity spectrum 
points are also assumed as a performance point associated 
with EEPP systems. A backward analysis technique is 
adopted to evaluate PGA using the modifi ed capacity 
spectrum method based on FEMA 440 (MADRS). Mean 
values of Peak Ground Acceleration can be evaluated 
at every displacement interval corresponding to each 
performance point for the series of capacity curves for 
use in fragility curves.
The individual fragility curves corresponding to 
each sub-design and general fragility curves are derived 
to evaluate the POE of a particular damage state. 
The regression coeffi cients are defi ned to derive the 
mean and 90% confi dence bound fragility curves. The 
proposed function and the regression coeffi cients may 
be adopted for developing typical fragility curves of low 
rise substandard RC structures of developing countries. 
Moreover, the fragility curves along with hazard 
curves can be integrated to evaluate the seismic risk of 
substandard RC structures, which are large proportion of 
RC building stock in developing countries.
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